This study describes a quick and efficient screening method to practically evaluate the seismic capacity of low-rise reinforced concrete (RC) buildings composed of members controlled by both shear and flexure. This study describes curves of the required range of strength to predict earthquake damage as a function of the level of ground motion and building seismic capacity. This method was applied to low-rise RC buildings damaged by an actual earthquake to determine the method's validity. The method was also verified by comparing its results to those produced by more detailed methods of seismic capacity evaluation: the Japanese standard for seismic capacity evaluation (second-and third-level procedures), nonlinear static analysis, and nonlinear dynamic analysis. Furthermore, the proposed method was applied to eight low-rise RC buildings in Japan and 38 in Korea; the results were compared with the structural seismic capacity index (I S = 0.6), which is the Japanese standard for the critical value required to prevent large-scale earthquake damage to structures in the presence of a ground motion acceleration of 0.23 g. The proposed evaluation method was efficient; it permitted a rapid evaluation of a building's seismic capacity and provided a means to calculate simply the degree of structural damage to a building due to a certain earthquake strength based on the seismic capacity category. The proposed method can be easily used to calculate the required strength for a low-rise RC building composed of members controlled by both shear and flexure and produce fundamental data for the earthquake preparedness of low-rise RC buildings.
Introduction
Most reinforced concrete (RC) buildings are composed of shear walls subject to brittle failure, members subject to shear failure such as short columns, and members subject to flexural failure with excellent plasticity such as ductile columns. Therefore, the seismic capacity of RC buildings composed of members controlled by both shear and flexure should be evaluated by a method that takes into account the dynamic relationships between the strength capacity and ductility of these members, and the input level of earthquake vibrations. However, the current rapid screening methods for evaluating the seismic capacity of existing RC buildings (e.g., the screening phase of the Federal Emergency Management Agency report FEMA 310 (1998) and the first-level procedure of the Japanese standard JBDPA (2005)) do not fully consider the seismic performance of RC buildings composed of members controlled by both shear and flexure.
The screening phase of FEMA 310 (1998) evaluates the seismic performance of RC buildings composed of members controlled by both shear and flexure by separating them into components of shear walls or moment frames. The seismic performance is then simply based on the heuristic judgment of evaluation standards for each structural type.
The first-level procedure of JBDPA (2005) ignores the ductility of RC buildings and evaluates whether the building has the adequate strength to withstand an earthquake load. It has a tendency to underestimate the seismic capacity of buildings with relatively few shearfailure members (JBDPA 2005; Kubo and Etawa 1999; Kubo et al. 1998) . The seismic protection index in this standard is determined heuristically based on the results of seismic capacity evaluations of buildings damaged by past earthquakes (JBDPA 2005; Nakano 1986 ).
Against this research background, the authors of this study conducted a nonlinear seismic response analysis to investigate the relationship between the strength and ductility of shear and flexural members of low-rise RC buildings to obtain fundamental data for evaluating the seismic capacity of these buildings described in previous research (Lee 2010) . The authors also compared the strength required of low-rise RC buildings composed of flexural-and shear-failure members to the specific level of ductility of each member based on the aforementioned non-linear seismic response analysis. The authors investigated the earthquake damage to low-rise buildings based on the degree of damage to the failed shear and flexural members and the remaining seismic capacity index (R-index) (Maeda et al. 2004) . The required strength spectrum was proposed to predict the earthquake damage to low-rise RC buildings according to the degree of damage, as shown in Fig. 1 .
The required strength spectrum proposed by Lee (2010) predicts the earthquake damage to a building subjected to a specific earthquake level based on the building's seismic capacity, which is in turn based on the relationship between the strength capacity of the flexural-and shear-failure members and their ductility. The prediction results agree closely with the actual degree of damage experienced by low-rise RC buildings subjected to real earthquakes. However, an equation like Newmark's equal energy conservation equation is required to explain the seismic load and the trend of the required strength curves so that a practical rapid screening method for seismic capacity evaluation of low-rise RC buildings composed of members controlled by both shear and flexure can be developed. In addition, more research is required into the relationship with the results of more detailed methods of seismic evaluation such as nonlinear dynamic analysis of the level of the member and the required strength spectrum studied in previous research (Lee 2010 ). This will allow us to develop an efficient rapid screening method for seismic capacity evaluation.
The main purpose of this research is to propose a more efficient and practical rapid screening method based on previous research (Lee 2010) , which can be used to evaluate the seismic capacity of low-rise RC buildings composed of members controlled by both shear and flexure. This study quantifies and describes the general trend of the required strength capacity spectrum curves to predict earthquake damage, and forms the basis of a practical method for evaluating the seismic performance of RC buildings. The proposed method was applied to low-rise RC buildings damaged by an actual earthquake to determine its validity. It was also verified by comparing its results with those of more detailed methods of seismic capacity evaluation, i.e., the Japanese standard for seismic capacity evaluation (second-and third-level procedures), nonlinear static analysis, and nonlinear dynamic analysis. The rapid screening method for seismic capacity evaluation proposed in this study was applied to eight low-rise RC buildings in Japan and 38 in Korea. The results were compared with the structural seismic capacity index (I S = 0.6), which is the Japanese standard (JBDPA 2005) for the critical value required to prevent large-scale earthquake damage to structures in the presence of a ground motion acceleration of 0.23 g.
2.
Rapid screening method for evaluating the seismic capacity of low-rise RC buildings 2.1 Overview of the rapid screening method Figure 2 shows a conceptual drawing of the rapid screening method for evaluating the seismic capacity of low-rise RC buildings proposed in this study. The first step is to smooth the irregular curves that distinguish the zones of earthquake damage to a building in the required strength spectrum (Lee 2010) used to predict earthquake damage, as illustrated in Fig. 1 . The second step is to develop equations for earthquake damage evaluation to indicate the relationship between the strength capacities of shear (C su ) and flexural failure (C fy ) members of the damaged building in terms of a specific level of ground motion described in section 2.2 below. The third step is to quantify the seismic capacity of low-rise buildings in certain categories. Each of four categories includes three grades. Figure 2 shows these 12 grades of seismic capacity. A higher seismic capacity grade indicates a greater possibility of large-scale earthquake damage, and buildings with high grades are in 
Upper Values for 0.2g Note: C su and C fy show the required strengths of members controlled by shear and flexure while μ f is the ductility ratio defined as the ratio of maximum response displacement (u max ) to the flexural yield displacement point (u fy ), i.e., u max /u fy . Additionally, μ s  is defined as the ratio of maximum response displacement (u max ) to the shear cracking displacement point (u sc ), i.e., u max /u sc . Fig. 1 Low-rise RC building required strength spectrum for predicting earthquake damage (Lee 2010) . urgent need of seismic retrofitting. In addition, because the earthquake damage in the nodamage and slight-damage zones described by Lee (2010) (cf. Fig. 1 ) was similar to the actual earthquake damage to low-rise RC buildings, this study regarded these damage zones as being the same in terms of the amount of earthquake damage. Figure 3 shows the relationships between the curves (equations) for earthquake damage prediction proposed here for the earthquake damage zones and the strength capacity of shear (C su ) and flexural failure (C fy ) members. These curves are based on engineering judgment of the required upper strength limit spectrum for a seismic acceleration input of α = 0.1 g, α = 0.15 g, α = 0.2 g, and α = 0.3 g for the area of predictable earthquake damage described by Lee (2010) .
This study describes a practical rapid screening method for seismic capacity evaluation of low-rise RC buildings based on the equations for earthquake damage prediction shown in Fig. 3. Figure 4 outlines the procedure for this screening method, which involves five steps: (1) compute the strength capacity of the shear and flexural failure members, (2) input the ground motion acceleration α, (3) compute the required capacity judgment and seismic capacity evaluation indices, (4) compute the earthquake damage level and seismic capacity evaluation score, and (5) determine the seismic capacity grade. The following section presents the details of each of these steps.
Details of the stepwise seismic capacity evaluation method (1)
Step 1: Compute the strength capacity of the shear and flexural failure members
Step 1 computes the strength capacity of the shear and flexural failure members on the first floor of the subject building. The computation of the strength capacity involves a bidirectional approach in the longitudinal (x) direction and transverse (y) direction; the seismic capacity is evaluated independently and bi-directionally.
Additionally, the strength capacity of the shearfailure members (C su ) and flexural-failure members (C fy ) on the first floor of the subject building are computed assuming that the seismic response of the low-rise building is determined mainly by the first mode, i.e., the same response as the equivalent single-degree-offreedom structural system. The seismic capacity is evaluated on the basis of the system strength capacities of the shear-and flexural-failure members. The strength capacity of each failure member is calculated by Eqs.
(1) and (2) based on the ratio of the shear member (shear wall, shear column) and flexural member (flexural column) to the total floor area using the average shear stress method (JBDPA 2005) . ∑ are the average shear stress at the ultimate state of columns controlled by flexure and its total area. The following assumptions were made for the strength capacity computations using Eqs. (1) and (2): (a) The strength capacity of the wall of the subject building is assumed to be a shear failure member, i.e., (b) The column is classified as either a shear or flexural member based on the result of an earthquake damage investigation and experimental data (Shiga et al. 1968; AIJ 1968; AIJ 2001; JBDPA 2005) , as shown in Table 1 (b). It is assumed to be a member controlled by shear for the case where the ratio of h 0 /D (h 0 is the clear height, D is the column width) is less than or equal to 2 with sc τ = 1.5 MPa (15 kgf/cm 2 ). When h 0 /D > 2 and @ < 100 mm (@ is the hoop space), it is assumed to be a flexural failure column, and fc τ is set to 1 MPa (10 kgf/cm 2 ) and 0.7 MPa (7 kgf/cm 2 ) for the case of 2 < h O /D < 6 and h 0 /D > 6, respectively. When 2 < h O /D < 6 and @ > 100 mm, on the other hand, it is assumed to be a shear failure column, and sc τ is set to 1 MPa (10 kgf/cm 2 ). It is assumed to be a member controlled by flexure for the case where the ratio of h 0 /D is larger than 6 with fc τ = 0.7 MPa (7 kgf/cm 2 ). (c) The unit weight (w) per floor area is set to 12 kPa (1.2 tonf/m 2 ).
(2)
Step 2: Determine the ground motion acceleration (α) for the seismic capacity evaluation A ground motion acceleration of 0.1 g ≤ α ≤ 0.3 g is input for the seismic capacity evaluation.
(3) Step 3: Compute the required strength judgment and seismic capacity evaluation indices
Step 3 computes the required strength judgment index (E di ) and seismic capacity evaluation indices (β, G, P) corresponding to the value of the ground motion acceleration (α). The equations for the required strength evaluation equation corresponding to the earthquake damage zone are derived by regression analysis and linear interpolation. This is based on the required strength of damage zones as illustrated in the required strength spectrum (0.1, 0.15, 0.2, and 0.3 g) of Fig. 3 , so that the required strength for earthquake damage (E pi ) and seismic capacity grade (grades 1-12) described in
Step 4 can be computationally applied in response to the input value of the ground motion acceleration (0.1 g ≤ α ≤ 0.3 g). Table 2 shows required strength judgment index (E di ) and seismic capacity evaluation indices (β, G, P) for various ranges of ground motion acceleration (α). Prepare the report of the seismic evaluation results
End of the evaluation
E pi E di ×100 (sco re) : Basic eq u atio n
Step (1) Step (2) Step (3) Step (4) Step ( G, P) in response to the input value of the ground motion acceleration, as calculated in Steps 1-3. Determining the degree of building earthquake damage involves a sequential comparison of large and small value sizes between the required strength for earthquake damage (E pi ) and the required strength judgment index (E di ). For example, if E p1 is greater than E d1 in the "slight or no damage" category, then the subject building is deemed to belong to the "slight or no damage" category. Its seismic capacity evaluation score is then computed to determine the seismic capacity grade. However, when E p1 is less than E d1 , the seismic capacity evaluation procedure moves on to the next category, which is "light damage", and E p2 and E d2 are compared to determine the degree of earthquake damage. A series of procedures to compute the seismic capacity evaluation score is performed to evaluate the seismic capacity. The seismic capacity evaluation score assigns a maximum score of 60 to each of the four earthquake damage categories (slight/no damage, light damage, moderate damage, and severe damage) with the final score in the range 0-240.
The following section discusses the details of the methodology used to determine the degree of earthquake damage and to compute the seismic capacity evaluation score.
Slight/no damage category and its seismic capacity evaluation score a. Compute the required strength capacity for the slight/no damage category using Eq. (3) 1 (0.77 0.3 ) 0.78
b. Does the building belong in this category? (a)
This building belongs to the slight/no damage category. The seismic capacity evaluation score is computed in step (c). 
b. Does the building belong in this category? 
Moderate damage category and its seismic capacity evaluation score a. Compute the required strength capacity for the moderate damage category using Eqs. (7-1) and (7-2) 3 (0.83 0.5 ) 0.8 
(standardization in the range 61-120) (8-2)
Severe damage category seismic capacity evaluation score (a) Compute the seismic capacity evaluation score using Eqs. (9-1) or (9-2)
(standardization in the range 0-60) (9-2) (5)
Step 5: Determine the seismic capacity grade
Step 5 evaluates the final seismic capacity by assigning the seismic capacity grade shown in Table 3 based on the degree of building earthquake damage the seismic capacity evaluation score. Here, a higher seismic capacity grade means that the subject building requires priority seismic rehabilitation because of its low seismic capacity in the face of the specified earthquake strength.
Validation of the proposed method using RC buildings damaged by actual earthquakes
The proposed rapid screening method was validated by comparing its results to the degree of damage to lowrise RC buildings from actual earthquakes as described in section 2. The buildings were low-rise buildings, two to four stories high (most were three stories) located in the Hachinohe area and damaged during the 1968 Tokachi-oki earthquake (Shiga et al. 1968; AIJ 1968 ) and on Awaji Island damaged during the 1995 Hyogoken Nambu earthquake (Lee et al. 1996) . The maximum acceleration of the ground motion α in the Hachinohe 
Note: E pi (i = 1 to 4) indicates the required strengths for earthquake damage area was measured to be approximately 0.23 g. Although there was no measured record of the ground motion at Awaji Island, it was reported to be approximately the same magnitude; this was inferred from the relationship between the degree of damage to the buildings and their strength capacities (Lee et al. 1996) . Figure 6 shows the results of this comparison for strength capacities of members controlled by shear (C su ) or flexure (C fy ) in both locations for a ground motion acceleration of 0.23 g, which was derived based on Fig.  3 . The strength capacities of each failure member of the damaged buildings were computed using the method proposed in this study, i.e., the strength capacity shown in Step 1 in section 2.2 above.
The broken line in Fig. 6 outlines the boundary of the seismic protection index of E o1 = 0.8 specified by the first-level procedure in JBDPA (2005) . Because this method ignores the ductility of the building and evaluates whether the building possesses adequate strength to withstand the seismic load by computing the strength capacity of the member, it is quite suitable for a building composed of shear failure members only (C fy = 0) or shear-dominant buildings in which the maximum parallel strength capacity is determined by the failure point of the shear member (Lee 2010 ) located in the nodamage zone. However, it underestimates the seismic capacity of a flexural-dominant building in which the maximum strength capacity is determined at the failure point of the flexural failure member (Lee 2010 ) located in the light damage zone.
The results of the proposed rapid screening method for seismic capacity evaluation generally agreed closely with the degree of damage to low-rise RC buildings subjected to actual earthquakes. In particular, no buildings located in slight/no damage and light damage zones suffered more than moderate earthquake damage. Thus, the determined seismic capacities of these zones were verified by the actual earthquake record.
The evaluation method proposed in this study explains the relationship between the ductility and the strength capacity of shear and flexural failure members, and also delineates how the degree of earthquake damage to each member of the subject building affects the total degree of damage to the building. It also scores the seismic capacity of the building against a specific seismic strength so that the seismic capacity can be graded. Therefore, it can identify buildings with excellent seismic capacity more efficiently than existing rapid screening methods for seismic capacity evaluation that focus on the strength capacity only.
Validation of the proposed screening method using example buildings
The proposed rapid screening method for evaluating the seismic capacity of low-rise RC buildings was applied to two actual buildings. The resulting seismic capacity was then compared with the value determined using the Japanese standard (second-and third-level procedures) (JBDPA 2005) and also the value obtained from nonlinear static and dynamic analyses of the same buildings to determine the validity of the proposed method. Figure 7 shows planar views of the two example buildings considered in this study. The first building is a three story reinforced concrete building and represents a typical Korean school constructed in the 1980s (Lee et al. 2009 ). The second building is also a three story reinforced concrete building called Aonae Elementary School, which was moderately damaged by the 1993 Nanseioki earthquake on the Japanese island of Hokkaido (Lee et al. 1994) . This study assumed a ground motion acceleration value of α = 0.2 g. The three methods (proposed rapid screening method, the Japanese standard method, and nonlinear static and dynamic analyses) were applied to evaluate the seismic capacity of the example buildings in the x-direction. The results were compared to validate and determine the practical- Fig. 6 Comparison of the proposed evaluation method with RC buildings damaged in actual earthquakes.
Example buildings and their seismic capacities
ity of the rapid screening method proposed in this study. The proposed rapid screening method uses the crosssections of the vertical members and their corresponding average shear stress for the seismic evaluation. The cross-sectional areas of the columns in the first building for C 1 were 350 x 500 mm 2 (hoop: D10@300), and those of C 2 and C 3 were 350 x 400 mm 2 (hoop: D10@ 300).The cross-sections of the columns in the second building were all 500 x 600 mm 2 . The lengths of some columns in the Y1 and Y2 frames in the first building were shortened due to the influence of the masonry spandrel walls, which had a ratio of h 0 /D (h 0 is the column length; D is the column width) less than or equal to 2.0 so that they were classified as shear failure members for the purpose of the seismic capacity computation. Table 4 shows the results of the seismic capacity evaluation of the example buildings. The strength capacities of the members of the first building, C su and C fy , were 0.15 and 0.22, respectively. The potential degree of earthquake damage was determined to be severe for a seismic capacity rank of 12, representing its vulnerability to a ground motion acceleration of α = 0.2 g. On the other hand, the strength capacities of the members of the second building, C su and C fy , were 0.05 and 0.43, respectively. The potential degree of earthquake damage was determined to be moderate with a seismic capacity rank of 7, indicating a better seismic capacity than the first building.
Seismic capacity determined using the Japanese standard and by nonlinear static and dynamic analyses (1) Overview and assumptions for the Japanese standard
The seismic evaluation method in the Japanese standard (JBDPA 2005) scores the seismic energy absorption capacity of a building according to its strength and ductile capacities, and characterizes the seismic capacity by a score. The seismic capacity of the building structure is expressed by the structural seismic index I S calculated from
In addition, the basic seismic index E 0 , which indi- cates the most basic seismic capacity, is computed as a matter of principle by multiplying the strength index C, which represents the retention strength capacity as a form of the shear strength coefficient index, by the ductility index F, which indicates the magnitude of plasticity. This is based on the consideration that buildings with many walls require greater strength to be safe from earthquakes due to their low ductility, and that frame buildings with fewer walls should be adequately ductile due to their lack of strength. The basic seismic index was designed to provide a common measure of seismic capacity for buildings with many walls and for frame structures with fewer walls. The shape index S D and time index T are based on a standard value of 1.0 to calibrate the basic seismic index by the building irregularity and deterioration of strength and ductility indicated by such as width and length of cracks and reinforcement exposure. The value of E 0 for the first level procedure in the Japanese standard is evaluated using the wall ratio ∑A w /∑A f and column ratio ∑A c /∑A f of the building. The values of S D and T are also evaluated by a simple computation similar to the method for E 0 . When evaluating E 0 in the second-level procedure of the Japanese standard, we assume that the strength of the beam is adequate and is computed based on the ultimate strength of vertical members such as columns and walls as well as on the failure type and ductility. The computation of S D and T are more detailed in the second level than in the first. The third-level procedure is even more accurate than the second-level procedure and involves a detailed computation to consider the walls governed by foundation rotation and columns controlled by the flexural or shear failure of beams. Using the first-second-, and third-level procedures in the Japanese standard results in a seismic capacity for the specific building under study represented by a score I S ; a higher value of I S means a better seismic capacity.
Cross section of columns
This study evaluated the seismic capacity of the two example buildings using the second-and third-level procedures, as shown in Fig. 7 . Although the seismic evaluation ignored non-structural members such as masonry walls, the hanging and spandrel masonry walls were considered in computation of h 0 /D.
(2) Overview and assumption of the nonlinear analyses Although actual structures vibrate three-dimensionally in a complex manner, this study replaced the columns, beams, and walls with linear members to model the structure of the example buildings as plane frames considering only the horizontal seismic force. The characteristics of each floor were evaluated considering the level of each member. The following assumptions were also made.
(a) The location of the yield hinge of each member was assumed to be in accordance with JBDPA (2005) and AIJ (2010), and the joint of the column and beam, and the area from the center of each member to the end of the member at which the yield hinge takes place, were assumed to be rigid.
・The beams were assumed to be at the column end for the case of no wing wall and at DG/2 from the edge for the case with a wing wall, where DG is the beam depth. ・The footing beams were assumed to be at the end of the column for the case of DF' < (l0/l0'-1)·DF and at the end of the foundation plate for the case of DF' > (l0/l0'-1)·DF, where DF is the depth of the footing beams, DF' is the distance from the base of the foundation plate to the footing beam, l0 is the distance between columns, and l0' is the distance between foundation plates. ・The yield hinge of the columns without hanging and spandrel walls was assumed to be at the end of the beam. If the columns included hanging and spandrel walls, the hinge location was set to Dc/2 away from the edge, where Dc is the column width. (b) Each frame was assumed to be connected by a pin-ended strong beam, and the entire structure was analyzed as one plane frame. In other words, it was assumed to act as a rigid diaphragm.
(c) The strength capacity of the beam considered the influence of the slab reinforcing bar in the effective width of the slab, and the flexural moment of the beam end due to long-term loading was considered to be the initial value of the hysteresis property of the flexural spring of the member, as described later.
(d) Non-structural walls such as masonry or bricks walls were neglected.
In addition, each member was assumed to be like the model shown in Fig. 8 with its flexural spring and shear spring serially connected. This is the Giberson model (Gilberson 1966; Otani 1974; Berg et al. 1960) for the evaluation of the flexural force stiffness matrix from the moment at the ends of the member. The deformation in the direction of the member axis was ignored. The bend- ing of the member was evaluated by the elastic linear member with elastic stiffness k B and plastic rotational springs installed at the ends of the member with stiffnesses of (k BP ) A and (k BP ) B . The deformation was then computed as the sum of these parts. Additionally, shear deformation was evaluated as a nonlinear shear spring installed at the center of the member. The hysteresis of the flexural-failure and shear-failure members was represented by the degrading trilinear model shown in Fig. 9(a) and the origin-oriented model shown in Fig. 9(b) (Umemura 1973; Otani 1974; Murakami and Penzien 1975) . The variables including initial stiffness (k B or k S ), flexural crack moment (M c ), shear crack strength (v c ), flexural yield moment (M y ), and shear ultimate strength (v u ), which determine the hysteresis property of each column, beam, and wall, were computed by the equations in JBDPA (2005) and AIJ (2010). Additionally, the ground motion acceleration for the nonlinear dynamic analysis used ground motions recorded at Elcentro (NS) and Hachinohe (EW). The magnitude of the ground motion acceleration was standardized to an acceleration of 0.2 g, the same as that used in the rapid screening method. Table 5 compares the results of the various methods. The table shows that the I S indices calculated by the second-level procedures of the Japanese standard for the first and second buildings were 0.34 (I S index of the third-level procedure was 0.28) and 0.65 (I S index of the third-level procedure was 0.63), respectively. The first building was thus relatively vulnerable to earthquake damage. This result agrees closely with the results of the rapid screening method, which indicated a severe damage level for the first building (seismic capacity rank of 12) and a moderate damage level for the second building (seismic capacity rank of 7). Figure 10 and Fig. 11 show the results of the nonlinear static and dynamic analyses of the first and second buildings, together with the results of the third-level procedure in the Japanese standard, respectively. The first building yielded approximately 20 mm, and the rotation angle of the member R was approximately 1/150 rad, similar to the yield range of typical RC buildings (Umemura 1973) . The maximum strength capacity at yield Q y was approximately 1400 kN (140 tonf); the corresponding shear strength coefficient C B is 0.12. The ductile capacity, which is the result of converting the Findex to the ductility ratio μ, of the first building was approximately 92.6 mm (μ = 4.21), as computed by the third-level procedure. The results of the nonlinear dynamic analysis showed that the response ductilities for the Hachinohe (EW) and Elcentro (NS) earthquakes were μ = 3.97 and μ = 2.23, respectively. Thus, according to the method of post-earthquake damage evaluation for RC buildings (Maeda et al. 2004; Maeda and Kang 2009) , the first building is susceptible to severe earthquake damage of class IV or greater.
(3) Comparison of the results of the various methods
On the other hand, the yield strength capacity Q y of the second building was 5050 kN (505 tonf); the corresponding shear strength coefficient C B is 0.21, and the yield displacement d y was approximately 19 mm. The ductile capacity, which is the result of converting the Findex to the ductility ratio μ, of the second building was approximately 98.1 mm (μ = 4.21), as computed by the third-level procedure. The maximum seismic response displacements analyzed by the nonlinear dynamic analysis method for the Hachinohe (EW) and Elcentro (NS) earthquakes were 27.8 mm and 11 mm, respectively. The corresponding response ductilities for the Hachinohe (EW) and Elcentro (NS) earthquakes were μ = 1.46 and μ = 0.59, respectively, indicating that the second building was subject to moderate or light damage (Maeda et al. 2004; Maeda and Kang 2009) . Based on the results of the three methods (cf . Table  5 ), the first building was estimated to be subject to severe damage (seismic capacity rank of 12) and the second building was estimated to be subject to moderate damage (seismic capacity rank of 7) by the proposed method. The degree of damage estimated by the secondlevel procedure as well as the nonlinear dynamic analysis was light to moderate.
These results show the value of using the rapid screening method for many buildings before conducting detailed seismic evaluations using methods such as FEMA 310 (evaluation phase and nonlinear analysis) or the Japanese standard (second-and third-level procedures). The rapid screening method proposed in this study is a simple, efficient, and practical method that can be used with existing low-rise RC buildings, as discussed in sections 3 and 4.
Relationship between the second-level procedure and the proposed rapid screening method
The rapid screening method for seismic capacity evaluation proposed in this study was applied to eight low-rise RC buildings in Japan (Lee et al. 1994 (Lee et al. , 1996 and to 38 low-rise RC buildings in Korea. To validate the proposed method, the results were compared to those obtained using the Japanese standard method with I S = 0.6, the critical value for preventing large-scale damage from an earthquake in the 0.23g category.
Tables 6(a) and 6(b) show the characteristics of the eight Japanese and the 38 Korean RC buildings. These I S is the structural seismic capacity index, Q y is the shear strength at the yielding point, C B is the shear strength coefficient at the yielding point, u y is the displacement at the yielding point, Q max is the shear strength at the maximum response, C max is the shear strength coefficient at the maximum response, u max is the displacement at the maximum response, and μ is the ductility ratio * results of the Hachinohe (EW) earthquake with α = 0.2 g ** results of the Elcentro (NS) earthquake with α = 0.2 g Fig. 11 Comparison of the results of the nonlinear analyses for the second building include one two-story building, 19 three-story buildings, 15 four-story buildings, and 11 five-story buildings. The Korean buildings were strictly frame construction; most of the column cross-sections were 40 × 40 cm, and the space between the hoop bars was almost 30 cm. The Japanese buildings were frame structures with shear walls; the column cross-sectional areas were in the range 50 × 55 cm through 65 × 65 cm with spaces between the hoop bars ranging up to 25 cm. These Japanese buildings were low-rise buildings damaged by the 1995 Kobe earthquake (J-3 through J-8) (Lee et al. 1996) and the 1993 Hokkaido-Nanseioki earthquake (J-1, J-2) (Lee et al. 1994) in which the ground motion acceleration was reported to be approximately 0.23g (Lee et al. 1996; Lee et al. 1994) .
The shear strength capacity C su and flexural strength capacity C fy of the members in each building (specifications shown in Tables 6(a) and 6(b)) were computed for the seismic capacity evaluation using the average shear stress method according to Eqs. (1) and (2). The building columns were classified according to the h 0 /D ratio and the space between the hoop bars, as shown in Table(b) described above. Additionally, walls were classified into three types as shown Table 1(a), and were all assumed to be shear failure members. The building weight was assumed to be a unit weight per floor area of 12 kPa (1.2 tonf/m 2 ), and the seismic capacity evaluation was performed for both the longitudinal and transverse directions. Figure 12 compares the results from the second-level procedure of the Japanese standard (i.e., structural seismic capacity index I S ) and those from the proposed rapid screening method for the 46 buildings in smaller capacity of the x-and the y-directions, as shown in Table 6.
As mentioned above, the Japanese buildings described in Table 6 (a) are low-rise RC buildings damaged by actual earthquakes at Kobe in 1995 (Lee et al. 1996) and Hokkaido-Nanseioki in 1993 (Lee et al. 1994) . Figure 12 shows the degree of earthquake damage for these buildings and leads to the following observations.
(1) Considerable correlation exists between the structural seismic capacity index I S produced by the secondlevel procedure of the Japanese standard and the seismic capacity ranks of the proposed rapid screening method. For a ground motion acceleration of 0.23 g, most buildings with a seismic protection index I S0 of 0.6 or less (shadowed area) were deemed to be severely damaged by the proposed rapid screening method.
(2) The I S of the low-rise RC buildings in Japan that were severely damaged by actual earthquakes with an acceleration of 0.23 g was 0.6 or less, and these buildings were located in the severe damage zone by the rapid screening method.
These conclusions suggest that the proposed rapid screening method for seismic capacity evaluation can be effectively used to generate useful information for quick evaluation of the seismic capacity of many existing buildings prior to the application of more detailed seismic capacity evaluation methods, such as the secondlevel procedure of the Japanese standard.
Conclusion
This study presented and quantified curves of the required strength capacity spectrum (Fig. 1) , which can predict earthquake damage using an equation. Equations were proposed to predict earthquake damage as a function of ground motion and seismic capacity as a means Table 6 (a) Japanese RC building specifications (Lee et al. 1996; Lee et al. 1994 of grading the seismic performance of RC buildings. This study also proposed a rapid and efficient screening method for the practical evaluation of the seismic capacity of low-rise RC buildings composed of members controlled by both shear and flexure. The proposed method was applied to low-rise RC buildings damaged by actual earthquakes to validate it against more detailed methods: the Japanese standard for seismic capacity evaluation (second-and third-level procedures), nonlinear static analysis, and nonlinear dynamic analysis. The rapid screening method was also applied to eight Japanese and 38 Korean low-rise RC buildings, and the results were compared to those obtained for other methods for I S = 0.6 and α = 0.23 g. The proposed evaluation method is efficient and enables rapid evaluation of a building's seismic capacity. It allows simple calculation of the degree of structural damage to a building from an earthquake of a certain strength based on the seismic capacity category. The proposed method can also be used to calculate the required strength capacity for a low-rise RC building composed of members controlled by both shear and flexure to satisfy a specific level of performance. This can provide fundamental data for earthquake preparedness measures such as the seismic rehabilitation of lowrise RC buildings.
